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HYBRID PEROVSKITE SOLAR CELL USING A NOVEL ORGANIC HALIDE SALT  
MD ASHIQUR RAHMAN LASKAR 
2020 
In the last few years, active research works on hybrid perovskite solar cells 
(HPSCs) have been going on throughout the world as a part of clean energy revolution. 
HPSCs have already proved their potentiality as future solar technology through their 
promising photovoltaic performances and ability for low temperature based solution 
processing. Nevertheless, still there are remaining challenges of better charge carrier 
dynamics and defects minimization in HPSCs. Overcoming these challenges are very 
important to achieve high power conversion efficiency (PCE) practically. Aiming this, a 
novel organic halide salt called Phenylhydrazinium Iodide (PHAI) is introduced as additive 
with CH3NH3PbI3 perovskite precursor in this study. Incorporation of a very small amount 
of PHAI causes significant enhancement of charge carrier dynamics in HPSCs resulting 
~15% increase of device’s short circuit current density. In addition, PHAI treatment helps 
to reduce perovskite grain boundary defects more than 0.5 times than the pristine 
CH3NH3PbI3 HPSCs. This reduction in defects contributes to minimize the non-radiative 
recombination of photogenerated charge carriers. Consequently, overall 20% improvement 
in PCE is achieved through PHAI additive treatment providing ~18% efficient 
CH3NH3PbI3 inverted hybrid perovskite solar cells. Besides, PHAI treated HPSCs exhibit 
superior ambient stability than the pristine devices in unencapsulated condition. 
1 
Chapter 1: Introduction 
1.1 Background 
The demand of energy is increasing day by day throughout the whole world. As the 
population increases, the number of energy consuming systems/ instruments/ machines is 
also increasing rapidly. However, majority of this required global energy is being supplied 
from fossil fuels like coal, gas, oil etc. which are nonrenewable. Scientific study shows that 
current estimated amount of this fossil fuel deposits will run out gradually by 2052-2090 
[1]. Besides, uncontrollable consumption of fossil fuels cause greenhouse effect, global 
warming, climate change, destruction of protective ozone layer keeping the all living 
beings at high risk [2]. To get rid of this alarming situation, the global leaders and scientists 
have been emphasizing on renewable energy sources for the last couple of decades. 
Tremendous effort is observed to harvest renewable energy from different potential sources 
[3-7]. 1000 W/m2 of solar energy is being reached to the earth surface which is one of the 
optimistic renewable energy sources. Photovoltaic (PV) effect dedicated to solar energy 
harvesting was first introduced in 1839 although practical application came into light in 
1960s through earth orbiting satellite [8-11]. Finally, PV or solar cell technology received 
a thrust after 2002 as a part of clean energy movement. However, Silicon (Si) based first 
generation solar cells were very expensive to manufacture though their efficiency was 
satisfactory [12, 13]. Second generation thin film solar cells (e.g. GaAs) prepared from 
group III-V and II-VI elements had better light absorption and were less costly than 
previous generation. Unfortunately, they suffered from scarcity of fundamental materials 
in nature [14-16]. The third generation solar cells (Polymer, DSSC, Perovskite etc.) based 
on organic and inorganic materials are more attractive due to several advantages, for 
examples, simple fabrication process, low cost, available raw materials, tunability, high 
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power conversion efficiency (PCE) etc. [17]. Reported PCE of each generation solar cells 
are shown in Figure 1.1a [18].  
       
Figure 1.1. a) Solar cells efficiency chart for 1976-2020. b) Perovskite structure. 
Hybrid Perovskite solar cells (HPSCs) based on organic-inorganic halide compounds 
have been identified as very promising from 2009 [19]. HPSCs as emerging thin film PV 
have already exceeded 25% power conversion efficiency [18]. As shown in figure 1.1b, in 
a typical ABX3 structure of perovskite compound, e.g. MAPbI3 or CH3NH3PbI3, octahedral 
BX6 surrounds A cation where A is bigger than B cation and X is an anion [20]. Perovskite 
having such kind of unique chemical structure holds exceptional light absorption 
coefficient, prolonged charge carrier lifetime, low exciton binding energy, and ambipolar 
charge transport properties [21-23]. Although two types of HPSCs device structures have 
been studied so far, planar heterojunction devices are more attractive. Their low-
temperature solution processing is beneficial for cost effective roll-to-roll manufacturing 
3 
[24, 25]. However, in planar device structure, the solution processed perovskites films 
usually exhibit polycrystalline nature. Recent studies confirm that polycrystalline 
perovskite film contains defects and charge traps that cause non-radiative charge 
recombination loss and stability deterioration [25-29]. Consequently, charge 
recombination via non-radiative channels impairs overall device performance [30-32]. This 
makes suppression of these charge traps very important to improve the performance and 
stability of HPSCs. It is believed that the undercoordinated ions like Pb2+ and 
corresponding dangling bonds at the grain boundaries and surfaces are the main sources of 
charge traps [33-35]. Different types of passivating agents have been attempted to solve 
this structural defect issue by utilizing the lone pair electrons of the passivating agents [36, 
37]. Besides that, other issues such as volatility of the organic cations and ionic defects 
induced from weak interaction energy between metal cations and halide anions also appear 
in HPSCs [38, 39].  At the same time, controlled crystallization and uniform morphology 
of perovskite films are noteworthy to develop high-performance and stable devices as they 
influence the electrical shunt and bulk traps during solar cell operation [40-43]. 
Considering all these factors, additive engineering has been introduced to control crystal 
growth, grain size, passivate defects, enhance charge transfer and establish a moisture 
protection aimed at achieving improved PCE and stability. To date, researchers have 
proposed various kind of additives, for example, ionic liquids (BMIMBF4, MAF, ACN 
etc.), different organic/inorganic salts (PEAI, KCl, OTAB etc.), long-chain polymer (PVP, 




1.2 Previous Works 
Although metal-halide perovskite was reported for the first time in 1970s [63, 64], it 
appeared as a matter of great interest when Kajima et al. studied CH3NH3PbI3 and 
CH3NH3PbBr3 for the photovoltaic application in 2009 [65]. With an effective cell area of 
more than 0.20 cm2, they achieved 3.81% PCE where current density, Jsc was less than 12 
mA/cm2, open circuit voltage, Voc was close to 0.60 V and fill factor, FF= 0.57. In 2012, 
Kim et al. were able to obtain 9.7% PCE by improving all the photovoltaic performance 
parameters (Jsc, Voc, FF) concomitantly [66]. Few days later, Snaith et al. reported 10.9% 
efficient hybrid perovskite solar cells with a Voc of 0.98 V [67]. 
After that, researchers have been carried out numerous efforts through additive 
engineering to enhance photovoltaic performance of Hybrid Perovskite solar cells 
(HPSCs). For example, Noel et al. proposed in 2014 that some molecules having lone pair 
of electrons in their Nitrogen or Sulphur functionalities can passivate perovskite defects to 
enhance the performance [68]. They used thiophene and pyridine for solution-processed 
HPSCs solar cells to enhance PCE up to 15.3% and 16.5% respectively. However, FF of 
the devices were as low as 0.68. In 2016, Ke and co-workers added Pb(SCN)2 additive in 
perovskite precursor and observed improved crystallinity along with the increased grain 
size.  As a result, they obtained a good FF of 78% [69].  
In 2017, Zuo et al. explored different polymers like PVP, b-PEI, PAA and claimed that 
binding interaction of perovskite-additive polymers is responsible for defects suppression 
[70]. They could improve charge carrier lifetime from 1.35 µs to 2.69 µs and carrier 
transport time from 0.75 µs to 0.72 µs. Though carrier life and transport time were 
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improved, they failed to show any improvement for short circuit current density (Jsc) except 
the Voc. Liang and co-worker demonstrated controlled crystallization of perovskite using 
1,8-diiodooctane (DIO) additive [71]. DIO helped in homogeneous nucleation and smooth 
fil formation. The improved crystallization encouraged the charge dynamics between 
perovskite active layer and the charge carrier transportation interlayers. Apart from, Jin et 
al. utilized 3% Zinc Chloride (ZnCl) to engineer the perovskite morphology resulting less 
defects followed by reduced charge recombination [72]. All the photovoltaic parameters 
were enhanced though Jsc was slightly.  
After one year (2018), Abdi-Jelabi and co-workers investigated influence of 
potassium iodide (KI) in a triple cation perovskite [73]. KI is being accumulated in the 
perovskite surface and grain boundaries (GBs) resulting high Voc of 1.17 V with 0.11 Voc 
loss. Another study done by Son et al. shows that KI can prevent Frenkel defects when K+ 
ions take place in the interstitial sites. This additive approach offers towards hysteresis free 
PSCs [74]. In addition, Sodium Floride (NaF) as an additive in perovskite was investigated 
for simultaneous passivation of anion and cation vacancies [75]. NaF can prevail into the 
perovskite crystals while forming hydrogen bond with the organic cations that prevents the 
diffusion and dissociation of organic cations. In this study, Voc jumped from 1.09 to 1.12 
V, however, Jsc remained almost similar.  
In 2019, Yang et al. demonstrated Ethyl-Cellulose (EC) is effective for defect traps 
in the perovskite grain boundaries [76]. EC additive triggers hydrogen bonding 
interactivity with the perovskite species providing defects passivation. The resulted 
efficiency was increased from 17% to 19%, however, again here the Jsc was not improved. 
Furthermore, Lee et al. reported bifunctional Lewis base additive, Urea which could retard 
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perovskite crystal growth to enhance crystallinity. They proposed non-volatile Urea 
precipitated in the GBs and thus passivated defects. The resulted improvement was limited 
to only Voc improvement. Before that, Sun and his group suggested the use of 2-
pyridylthiourea in precursor for uniform crystal grain formation [77]. The PCE rose from 
15% to 18% through slight improvement in Jsc and other performance parameters. 
 Wu et al. employed organic donor-π-acceptor molecules for defects passivation in 
perovskite films [78]. The electron donating unit of such molecules considerably increased 
density of electrons in its carboxylate group ensuring suitable conditions for under-
coordinated Pb2+ based cationic defects passivation. Here Voc and FF contributed to 20% 
efficient PSCs without any change in Jsc. Moreover, Huang and co-workers reported 
bilateral alkylamine (BAA) additives which can passivate perovskite surface defects 
through the amino (─NH2) group [79]. MA vacancy filling up capability of ─NH2 group 
had been reported in many studies including this one. BAA played multiple roles for 
modulated crystal growth, reinforced GBs etc. Upon defects passivation, BAA treated 
HPSCs exhibited significantly improved Voc, slightly increased FF but similar current 
density, Jsc. Guo et al. presented a simple strategy for perovskite surface and GBs co-
passivation by 1H,1H-Perfluorooctylamine (PFA) [80]. Improvement of Jsc was 0.68 
mA/cm2 only although overall PCE jumped from 19 to 21%. 
Li et al. successfully passivated defects using monoammonium Zinc porphyrin 
(ZnP) additive material [81]. ZnP compound prevents cationic escape and defects 
formation by attaching with perovskite nucleus surface. Slight improvement in all 
photovoltaic parameters was observed, for instance, Jsc increased from 22.99 to 23.27 
mA/cm2, Voc increased from 1.09 to 1.12 V and FF increased from 74% to 77% 
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approximately. Wang et al. compared trap density between pristine MAPbI3 and 1-ethyl-
4-amino-1,2,4-triazolium (EATZ) treated MAPbI3 PSCs [82]. Trap density was decreased 
by ~32% at 1.03×1016 cm-3 with EATZ additive treatment. Consequently, all the 
performance parameters were improved. Besides, Bai and co-workers incorporated viscous 
liquid type BMIMBF4 additive to precursor solution and observed enhanced power 
conversion efficiency [83]. Surprisingly, the control and BMIMBF4 treated PSCs exhibited 
Jsc of 21.27 mA/cm
2 and 21.76 mA/cm2 respectively. 
 Recently, in 2020, Kim et al. employed Phenethylammonium iodide (PEAI) and 
Thiocyanate (SCN) as additive to make highly efficient HPSCs [84]. The mixed anion 
PEASCN additive reduced defects density, enhanced charge carrier mobility and increased 
carrier lifetime. Although they obtained 19.66% PCE with very high Voc and good FF, 
there was no significant improvement in Jsc values. In addition to that, Meng et al. 
introduced Formic acid with MAPbI3 and FAPbI3 perovskite precursors [85]. Formic acid 
not only helped to lower trap states in the perovskite films but also enhanced carrier 









Based on all of the aforementioned discussions, it clearly indicates that most of the 
additive engineering attempts were dedicated to only Voc and in few cases, FF 
improvement. There were very few investigations where short circuit current density (Jsc) 
of HPSCs was significantly improved along with the Voc. Therefore, there is a good scope 
to work on Jsc improvement of Hybrid Perovskite solar cells (HPSCs) through novel 
additive material. 
1.4 Objectives 
This thesis aims to introduce a novel additive material, Phenylhydrazinium iodide for 
HPSCs to improve Jsc, hence the overall device performance by enhancing charge carrier 
dynamics and defects passivation. Following tasks are considered to accomplish the goal. 
➢ Synthesis of novel additive material, Phenylhydrazinium iodide (PHAI) which will 
have ─NH2 functional group and lone pair of electrons in its Nitrogen (N) atoms. 
➢ Experimental justification for perovskite defects passivation capability of PHAI. 
➢ Incorporation of optimum amount of PHAI additive with CH3NH3PbI3 (MAPbI3) 
perovskite precursor and observe film’s morphology, crystallinity, current sensitivity and 
photoluminescence.  
➢ Fabricating complete solar cells and investigate the overall performance including 
charge carrier dynamics through different characterization techniques such as TPC, TPV, 
Photo-CELIV etc. 




Chapter 1 represents importance of Solar technology, development of different solar 
cells, introduction to perovskite based solar cells, relevant present challenges, necessity of 
additive engineering for perovskite, corresponding past and recent studies etc. Then 
motivation including the specific objectives of this study were mentioned. 
Chapter 2 describes about the working principle of hybrid perovskite solar cells 
(HPSCs) and related photovoltaic parameters. Moreover, it briefly discusses the basic of 
all characterization techniques that were carried out in this investigation. 
Chapter 3 discusses experimental details including the materials preparation, 
fabrication process and characterization procedures.  
Chapter 4 describes result analysis and the discussions whereas Chapter 5 summarizes 






Chapter 2: Theory 
2.1 Working Principle of Perovskite Solar Cells 
Perovskite solar cells convert light energy into electrical energy through photovoltaic 
effect. It is known that incident light photons have the energy of EPh=hʋ, where h is the 
plank’s constant and ʋ is frequency of light. Interestingly, absorption of light depends on 
Eg of a semiconductor material where Eg means bandgap. When the incident photon energy 
is higher than the bandgap of the semiconductor materials (EPh> Eg), light is absorbed, and 
electrons receive enough energy to move to conduction band (CB), while leaving positively 
charged holes in valence band (VB). Thus, the charge carriers are generated as shown in 
figure 2.1a. This scenario also occurs in organic materials, where electrons (e-) shift from 
HOMO (highest occupied molecular orbital) to LUMO (lowest unoccupied molecular 
orbital). These photogenerated holes and electrons form the bound excitons, namely 
electron-hole pairs, which are attracted to each other by the coulombic force [11, 86]. In 
case of perovskite, the exciton binding energy is relatively weak, and can be separated to 
free charges (electrons and holes) at room temperature.  
 
Figure 2.1. a) Generation of charge carriers in perovskite active material by absorbing light 
energy. b) Charge separation in band energy diagram of perovskite solar cell. 
In order to produce electricity from solar cells, these photo-generated free electrons 
and holes need to be extracted before recombination. For this purpose, electron transport 
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layer (ETL) and hole transport layer (HTL) are used as highlighted in figure 2.1b. HTL and 
ETL are designed to be p-type and n-type materials, respectively. Energy level alignment 
plays important role at the interface between charge transport layers and perovskite. The 
ETL is designed in such a way that it only allows electrons transferring from the active 
layer to the cathode, and blocking the holes at the same time, which reduces the 
recombination of the free charge carriers at the interface. To achieve this, the CB of ETL 
is kept slightly lower than that of perovskite, which helps to accelerate electrons at the 
interface to migrate from perovskite to the electrode. On the other hand, much lower VB 
of the ETL than that of perovskite can efficiently block the migration of holes 
simultaneously. Whereas,  HTL is designed in opposite to ETL so that, it blocks electrons, 
and allows holes transferring from perovskite to the cathode.  
 
Figure 2.2. Planar device architecture of Perovskite solar cells. a) n-i-p. b) p-i-n. 
Figure 2.2 illustrates planar n-i-p and p-i-n device architecture of Perovskite solar 
cells [15]. In n-i-p structure, perovskite layer is fabricated on top ETL (e.g. TiO2) and then 
HTL (Spiro-MeOTAD) on top of perovskite. However, for this thesis work, inverted p-i-n 
structure will be considered. The whole device is fabricated on top of a transparent and 
conductive metal oxide (TCO) substrate such as FTO or ITO. Light can directly enter 
through the ITO or FTO glass substrate. Then there is a very thin (30-50 nm) HTL (e.g. 
PEDOT.PSS) where light absorption is negligible. When the absorber layer (CH3NH3PbI3 
12 
Perovskite) receives photons, it generates the excitons. Due to low exciton binding energy 
in CH3NH3PbX3, dissociation of hole and electron are predominant at room temperature 
near the interfaces [87, 88]. Separated holes are subsequently transferred to Ag electrodes 
through ETL (e.g. PC60BM) and electrons to TCO through HTL. Buffer layer (e.g. 
Rhodamine) is commonly used between the ETL and metal electrodes for better alignment 
of relevant energy levels. On the other hand, because of having longer diffusion length and 
higher extinction coefficient, the thickness of fabricated perovskite absorber is very small 
like 300-600 nm for highly efficient HPSCs [89]. Thin absorber layer is advantageous by 
requiring shorter charge transport paths which reduces the possibility of charge 
recombination. 
 
Figure 2.3. Perovskite solar cell’s band diagram at a) short circuit and b) open circuit 
conditions. 
Perovskite solar cells are heterojunction as ETL/perovskite and HTL/perovskite 
interfaces form two different junctions. In figure 2.3 [90], it depicts that perovskite along 
with the HTL and ETL share the same Fermi level of EF0 when in dark means short circuit 
(SC) condition. Highest energy state in a material which is occupied by electrons is known 
as Fermi level. Besides that, the built in potential (Vbi) emerged from the variation of HTL 
and ETL work functions, contributes to the offset between EV and EC which appears as -
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qVbi. In the contrary, HTL and ETL Fermi levels are split into EFp and EFn at illuminated 
open circuit condition. The difference between EFp and EFn is known as open circuit voltage 
(Voc). 
2.2 Device Performance Parameters 
The common device performance parameters of perovskite solar cells are power 
conversion efficiency (η), open circuit voltage (Voc), short circuit current density (Jsc), fill 
factor (FF), EQE or incident photon-to-current efficiency (IPCE) etc. For better 
understanding some of these parameters, a typical solar cell equivalent circuit is considered 
showing in figure 2.4. 
 
Figure 2.4. Typical equivalent solar cell circuit model. 
Under illumination, the photo-generated current (IL) source is parallel to a diode. 
Moreover, parallel shunt resistance (Rsh) is added which arises from leakage current and 
charge carrier recombination during solar cell operation. The series resistance (Rs) is 
attributed to interfacial and contact resistances [91]. Lower Rs and higher Rsh are required 
for high performance solar cells. When there is no light, IL is zero and the terminal current 
(I) becomes equal to the diode current (ID) in ideal condition (Rsh=Rs=0). Under 
illumination, IL is not zero but opposite in direction of ID. Therefore, the terminal current 
(I) appears as the difference between ID and IL. 
𝐼 = 𝐼𝐷 = 𝐼0(𝑒
𝑞𝑉
𝑛𝐾𝑇 − 1)             (2.1) 
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𝐼 = 𝐼𝐷  −  𝐼𝐿 = 𝐼0(𝑒
𝑞𝑉
𝑛𝐾𝑇 − 1)  −  𝐼𝐿       (2.2) 
Here I0 is reverse saturation current, T is temperature, q is elementary charge, and n denotes 
ideality factor. At zero load resistance, the terminal voltage (V) becomes zero and IL=Isc 
where Isc is the short circuit current. In contrast, when the load is infinite, terminal I=0 at 
open circuit condition. From equation 2.2, 
𝐼 = 𝐼𝐷  −  𝐼𝑠𝑐 ≈ − 𝐼𝑠𝑐          (2.3) 
And 𝐼 = 𝐼𝐷  −  𝐼𝑠𝑐 = 0         (2.4) 
So, 𝐼𝐷 = 𝐼𝑠𝑐 = 𝐼0(𝑒
𝑞𝑉𝑜𝑐
𝑛𝐾𝑇 − 1)            (2.5) 






+ 1)         (2.6)  
The maximum photogenerated power of the solar cell is Pmax where Pmax=Imax×Vmax. At a 
specific point, any solar cell delivers its Pmax which is called maximum power point (PMP) 
as shown in following I-V characteristics figure of 2.5 [92]. 
 
Figure 2.5. I-V characteristics curve of solar cell. 
Fill factor (FF) indicates how much the I-V curve is identical to a square, however, 




           (2.7) 
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Another important parameter is incident photon-to-current efficiency (IPCE) which 
defines the ratio of number of generated charge carriers to number of total incident photons. 
However, the power conversion efficiency (η) of perovskite solar cell deals with the 
maximum generated output power in compared to incident photon power. η is directly 







          (2.8) 
 
2.3 Materials and Device Characterization Techniques 
2.3.1 Raman spectroscopy 
Raman spectroscopy works on light scattering strategy where the applied laser light 
of strong intensity is scattered/dispersed by a molecule. It can provide information on 
specific molecular bond vibration, chemical structure, phase, contaminations etc.  
However, at the point when light is scattered by molecule, the wavering electromagnetic 
field of a photon prompts a polarization of the molecular electron cloud which leaves the 
particle in a higher vitality or energy state with the vitality of the photon moved to the 
atom. This can be considered as the development of a brief complex between the photon 
and particle which is normally called the virtual state of the atom. The virtual state is not 
steady, and re-emission of the photon is occurred very quickly, as dispersed light (Figure 
2.6 [93, 94]). When molecular energy remains unaltered after its association with the 
photon; and the vitality, and in this way the frequency, of the dispersed photon is equivalent 
to that of the occurrence photon. This is called Rayleigh scattering and is the predominant 
procedure. In the event that the molecule picks up vitality from the photon during vitality 
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Figure 2.6. Different photon energy scattering associated to Raman spectra. 
and its frequency expands which is called Stokes Raman scattering. In contrast, when the 
particle loses vitality by unwinding to a lower vibrational level the dissipated photon picks 
up the comparing vitality and its frequency diminishes, which is called Anti-Stokes Raman 
scattering. Generally, the Stokes Raman scattering is in every case more extreme than the 
Anti-Stokes and thus, it is about consistently the Stokes Raman scattering that is estimated 
in Raman spectroscopy. 
2.3.2 Fourier-transform infrared spectroscopy 
Fourier-transform infrared spectroscopy (FTIR) is a well-known technique which 
can measure the absorption of infrared spectrum by solid, liquid or gaseous samples. There 
is a fact that different molecules absorb frequencies according to their chemical structural 
characteristics. The applied infrared (IR) frequency can match with the vibrational 
frequency of a specific molecule or atom, then the absorption occurs in that particular 
frequency known as resonant frequency. FTIR takes the advantages of this phenomenon. 
The FTIR first modulates the wavelength from a broadband IR source by using 
interferometer (Figure 2.7 [95]). The transmitted or reflected wavelength is measured by a 
detector and provides the intensity of that transmitted or reflected wavelength in terms of 
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wavelength. Then the obtained signal is analyzed by a computer program using Fourier 
transform technique providing a simple beam infrared spectrum. The FTIR spectra is 
illustrated intensity vs wavenumber. Wavenumber is calculated by taking the reciprocal of 
wavelength. 
 
Figure 2.7. Block diagram of FTIR interferometer. 
2.3.3 Scanning electron microscopy 
In SEM microscopy, highly energized electron beam is applied to sample surface 
to read various surface information in a very small scale. The focused electron beam 
interacts with the surface atoms at various depths and generates several signals of electrons, 
for example, Auger electrons (AE) from 5-75 Ǻ surface depth, secondary electrons (SE) 
from nm surface depth, backscattered electrons (BSE) from 10-100 nm, characteristic X-
rays from 1-3 µm range (Figure 2.8 [96]). Low energy (50 eV) of secondary electrons 
causes to limit their mean free path. Being escaped from the front nm range, highly 
localized SEs signals can mirror the sample surface in 1-10 nm resolution. Thus, surface 
morphology of a sample is obtained. In addition to that, BSE are kind of elastic scattering 
which is reflected by sample atoms at deeper range. As a result, BSE provide lower 
resolution than the SE. However, BSE can give the elemental distribution related 
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information of the sample surface. Moreover, characteristic X-ray based signal helps to 
identify the specific elemental colonies and their mapping distribution. Typical a SEM 
consists of thermionic electron gun, several condenser lenses, deflector plates, detectors 
and electronic amplifiers etc.  
 
Figure 2.8. Different scatterings from the sample surface. 
2.3.4 X-ray diffraction 
X-ray diffraction (XRD) is an experimental inverstigation technique which is used 
for analysis of crystalline materials. XRD provides information about crystallographic 
orientation, crystallite dimension, relative crystallinity, residual strain, lattice spacing, even 
the composition and phase of the testing materials. The relative positions of XRD peaks 
can be used to identify some elements or compounds. XRD basically works on Bragg’s 
law [97]. When the X-ray beam incidents on the sample (Figure 2.9 [98]), the path 
difference (2dsinθ) of the incident or diffracted rays will be equal to multiple of X-ray 
wavelength (λ) cauing constructive interference. The Bragg’s law is as follow: 
2dsinθ = nλ          (2.9) 
Where d denotes the space between crystallographic layers, θ stands for incident angle or 
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reflected angle and n= 1, 2, 3…. etc. A typical XRD instrument consists of X-ray source, 
 
Figure 2.9. X-ray diffraction according to Bragg’s law. 
sample holder, goniometer and detector. Sometimes, sample holder remains fixed, but 
source and detector positions are varied. Otherwise, sample holder and detector positions 
are varied while keeping X-ray source fixed. 
2.3.5 Atomic force microscopy 
A commonly known scanning probe microscopy (SPM) called Atomic force 
microscopy (AFM) is that it can provide topography, surface roughness, phase and current 
sensitivity of different hard and soft samples like metallic thin films, organic thin films etc. 
AFM usually consists of a cantilever having sharp tip, a photodiode, a laser and a scanner 
as shown in Figure 2.10 [99]. Induced attraction or repulsive force between the sample and 
sharp tip causes to deflect the cantilever while scanning. Depending on this deflection, the 
photodiode measures the reflected laser beam coming from top of the cantilever. 
Photodiode passes the signal through a feedback loop and eventually generates topographic 
image of the scanning sample. AFM works on three different modes such as contact mode, 
tapping mode, and non-contact mode. The tip continuously touches the sample surface in 
tapping mode and current sensitivity is measured in this mode. In addition, tapping mode  
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Figure 2.10. Block diagram of AFM showing various scanning modes. 
is useful for phase imaging while non-contact mode is suitable for soft samples. 
Kelvin probe force microscopy (KPFM) is another type of SPM which is carried 
out through the non-contact mode of AFM. It provides surface potential of the sample from 
where work function can be calculated. 
2.3.6 UV-Visible spectroscopy 
UV-Visible spectroscopy is an absorption technique to determine the light 
absorption or transmission capability of a material (solid, liquid). There are three 
possibilities when a material encounters light such as reflection, absorption and 
transmittance. However, absorption occurs when the absorbed light energy can promote 
electrons from ground state to excited state of the testing materials. Rest of the light is 
transmitted unless reflected. The absorption depends on several factors like absorption 
coefficient, thickness, concentration, refractive index etc. of a material which can be 
explained well with Beer–Lambert law. A typical UV-Vis system has a light source 
emitting 200-1100 nm of wavelength, a monochromator producing monochromatic beam 
of single wavelength, and a photodiode detector to detect the transmitted light as illustrated 
in Figure 2.11 [100]. 
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Figure 2.11. Schematic of UV-Vis spectrometer. 
 
2.3.7 Electrochemical impedance spectroscopy 
Electrochemical impedance spectroscopy (EIS) is very useful to investigate 
resistive property and capacitive characteristics of a material/device. To carry out EIS 
measurement, AC potential is applied to an electronic device to read the AC current 
response, amplitude change, phase shift etc. for a large range of frequency. These readings 
allow an opportunity to separate the ionic and electronic processes of the device [101]. EIS 
represents the measured data through Nyquist plot and the data need to be fitted with 
corresponding equivalent circuit. As shown in Figure 2.12, Nyquist plots are semi-circular 
arcs in a complex plane with real (Zre) and imaginary (Zim) parts of impedance at high to 
low frequency. In case of solar cells, the impedance arc can provide charge transfer 
resistance (RCT) under illumination while recombination resistance (Rrec) under dark 
condition of the solar device. 
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Figure 2.12. A conventional Nyquist plot with equivalent circuit. 
2.3.8 Transient photocurrent and photovoltage  
Transient photocurrent (TPC) is a commonly used transient technique to investigate 
the charge transport time in the photovoltaic devices. For TPC measurement, the solar cell 
is kept in short circuit condition with a small load resistance in parallel while applying 
nanosecond laser pulse. Upon generation of photogenerated charge carriers, an 
oscilloscope captures the transient signal. This transient signal is fitted using a mono-
exponential decay function that provides τtr (charge transport time) In contrast to TPC 
measurement, transient photovoltage (TPV) requires the solar cell to be kept in open circuit 
condition with a very high load resistance in parallel. 1 sun illumination is employed to the 
solar cell along with the laser pulse. The fitted TPV decay curves provide the charge carrier 
lifetime. Figure 2.13 depicts the TPC and TPV decays [102]. 
 
Figure 2.13. TPC and TPV decay curves. 
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2.3.9 Current-voltage (I-V) measurement  
Current-voltage (I-V) measurement is a widely used technique to investigate the 
photovoltaic parameters of a solar cell. An I-V characteristic curve provides valuable data 
of short circuit current density, open circuit voltage, fill factor and PCE of the solar device. 
In this measurement, solar cell is artificially illuminated with 1.5 G sun illumination at 100 
mW/cm2 irradiance. The photogenerated current is recorded through a semiconductor 
analyzer in response to an external load increasing from zero (short circuit) to infinite (open 
circuit). Finally, a current vs voltage curve is obtained. Upon dividing the measured I with 
the active cell area, current density-voltage (J-V) can be obtained. Figure 2.14 demonstrates 
a typical I-V characteristic curve [103]. 
 
Figure 2.14. A typical I-V characteristic curve. 
2.3.10 Incident photon-to-current efficiency  
Incident photon-to-current efficiency (IPCE) technique is used for quantitative 
performance analysis of a photovoltaic device. Basically, it provides information about 
how efficiently a device can produce photogenerated charge carriers. This is also known 
as external quantum efficiency, in short EQE (Figure 2.15 [104]). A Xenon lamp works as 
fundamental source of light, then a computer controlled monochromator supplies 
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monochromatic beams in a given wavelength range which are focused to the solar cell 
through some focusing lenses. The produced voltage response is recorded at some certain 
time intervals through a semiconductor analyzer and IPCE is calculated from these data. 
 
Figure 2.15. A typical IPCE or EQE curve. 
2.3.11 Mott–Schottky Analysis 
Mott–Schottky measurement is carried out to determine the flat-band potential, 




(𝑉𝑏𝑖 + 𝑉 −
𝐾𝐵𝑇
𝑞
)       (2.2) 
Here q is elementary charge, A is area of electrode, ε is permittivity, ND is doping density, 
Vbi is built-in-potential, V is applied bias voltage, KB is Boltzmann constant and T is 
temperature. For this measurement, DC voltage bias is scanned through a potentiostat while 
applying an AC signal at a fixed amplitude and frequency. The recorded data is plotted as 
reciprocal of square of capacitance vs voltage scan. 
2.3.12 Photo-CELIV  
Photo-CELIV (Charge Extraction by Linearly Increasing Voltage) measurement is 
a characterization technique to study the charge carrier mobility in different organic 
semiconductors. In this measurement, laser pulse is applied to generate photo-charge  
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Figure 2.16. Schematic of Photo-CELIV related curves. 
carriers which are collected with linear increasing voltage. The charge collection time (tmax) 
is recorded and then mobility is calculated using the formula of 2d2/(3A'tmax
2)[105, 106] 
where, A' is a slope of applied voltage and d is the thickness of photo active material. Figure 
2.16 shows Photo-CELIV related two curves [107]. 
2.3.13 Photoluminescence spectroscopy 
Steady-state Photoluminescence (PL) spectroscopy works through fluorescence 
property of a material. When absorbed light energy excites electrons to jump from ground 
state to excited states, the electrons come back to ground state by radiating energy unless 
they are extracted (Figure 2.17 [108]). The emission of this energy appears as fluorescence. 
In PL spectroscopy, initially the sample receives monochromatic light. The transmitted 
light intensity passed through the sample is carefully detected using a detector device. The 
received and transmitted light ratio through the testing sample provides transmittance 
which is later converted into absorbance. This absorbance is considered in respect to light 
wavelengths. The highest peak of the absorbance curve indicates testing sample’s 
excitation wavelength. Excitation light at excitation wavelength is passed to the testing 
sample through a monochromator. The incoming fluorescence from the test sample is 
dispersed by another monochromator before detecting by a sensitive detector. 
26 
 
Figure 2.17. Schematic of fluorescence in a material.  
This sensitive detector works as a photomultiplier also which eventually gives the 
fluorescence spectrum of that sample. Thus, both excitation and fluorescence spectra are 
obtained in PL spectrometer. Amplifier amplifies the detected emission and helps the 
recorder to record conveniently. 
2.3.14 Water contact angle measurement 
Water contact angle (CA) measurement helps to decide the physical properties of 
cooperation among solids and fluids like wetness, repulsion and adhesiveness. Any liquid 
usually creates certain angle at its 3 phase boundary. Geometrically, CA deals with that 
angle. The idea is clarified with a little fluid beads laying on a level even strong surface. 
State of the bead is controlled by the Young's connection. Generally, it is observed that a 
low value of contact angle (θ) means that the wettability of sample is high, which signifies 
that the sample is hydrophilic while a high contact angle indicates poor wetting which 
signifies that the sample is less wettable. Figure 2.18 represents a schematic of water 
contact angle with Young's equation [109]. In general, if θ is larger than 90 degree, the 
sample is hydrophobic; if θ is smaller than 90 degree, the sample is hydrophilic.  
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Figure 2.18. Water contact angle with Young's equation.  
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Chapter 3: Experimental Procedures 
3.1 Materials  
PHAI as shown in figure 3.1 was synthesized from the reaction of phenylhydrazine 
(C6H5NHNH2) with hydriodic acid (HI) (57 wt% in water) at 0 °C. 10 mL C6H5NHNH2 
was added into 25 mL methanol. 10 mL HI (57 wt%) was dropwise added into the 
C6H5NHNH2 solution under vigorous stirring. The ice bath was removed, and the mixture 
was continuously stirred at room temperature for 2 hours. Then the solvent was removed 
by a rotary evaporator at 60°C. The crude powder was washed with diethyl ether for three 
times and finally recrystallized from a mixed solvent of ethanol and diethyl ether. After 
filtration, the white solid was dried in vacuum at 60ºC for 12 hours [20]. On the other hand, 
PbI2-PHAI complex was prepared as similar to a procedure of literature [110]. 
         
Figure 3.1. a) Crystals of PHAI. b) PHAI 3D structure. c) PbI2-PHAI complex. 
1.5x1.5 cm2 FTO substrates were purchased from Hartford Glass Co, USA. 
PEDOT:PSS (Clevios™ P VP AI 4083)  was acquired from Heraeus. Lead iodide (PbI2) 
(99%) and Rhodamine were bought from Sigma-Aldrich. Methylammonium iodide (MAI) 
and PC60BM (PCBM) were of Dyesol and Nano-C respectively. Solvents like anhydrous 
dimethyl sulfoxide (DMSO) (>99.9%), γ-butyrolactone (GBL) (>99%) and chlorobenzene 
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(CB) (>99%) were obtained from Acros Organics. Anhydrous isopropanol alcohol (IPA) 
was collected from Fisher Scientific [20]. 
3.2 Substrate Cleaning and Solar Cell Fabrication 
First, FTO-coated glass substrates were etched with Zn powder and 0.1M HCl before 
cleaning. Later, etched substrates were cleaned with detergent water, de-ionized water, 
acetone and isopropanol sequentially. Each step took about 20 min by ultra-sonication. The 
substrates were dried with dry N2 and then cleaned by UV–O3 for 20 min.  
 
Figure 3.2. Ultra-sonication of the substrate.  
PEDOT:PSS solution at room temperature was filtered by 0.45 µm filter, followed 
by  spin coating at 4500 rpm for 45 s and annealing at 145 0C for 10 mins. Substrates with 
PEDOT.PSS film were then transferred to a N2 filled glove box. 70 µL of filtered 
perovskite solution was spin coated on top of PEDOT.PSS layer at 750 rpm for first 20 s, 
followed by 4000rpm for an additional 60 s. 165 µL of toluene as anti-solvent was dripped 
quickly onto the perovskite film during spin coating at 40th s. The MAPbI3 precursor was 
prepared from 581 mg of PbI2 and 209 mg of MAI mixture dissolved in a solvent mixture 
of GBL and DMSO with 7:3 (v/v) ratio, stirred for 12-15 hours at 70 °C inside the N2 
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Figure 3.3. a) Schematic of step by step perovskite film fabrication. b) Dripping of anti-
solvent while fabricating perovskite film inside the N2 glove box by spin coater. 
glovebox. PHAI additive was mixed with the precursor 2-3 hours before of the spin 
coating. The spin coated perovskite films were annealed for 10 minutes at 800C. After the 
substrates were completely cooled down, 60 µL of filtered hot solution of PCBM 
(dissolved in chlorobenzene (20 mg mL−1) and kept at 70 °C) was spin-coated at 2000 rpm 
for 40 s and subsequently annealed for 5 minutes at 80 °C. After cooling down, 0.5 mg 
Rhodamine in per mL dry IPA was spin-coated at 5000 rpm for 20 s. Finally, 85 nm thick 
silver electrodes were deposited by thermal evaporation [20]. 
 
Figure 3.4. a) Preparation for Ag evaporation inside the evaporator chamber. b) Complete 
solar cell after evaporation of Ag electrodes. 
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3.3 Characterization of materials and Solar Cells 
Raman spectroscopy was done using Horiba LabRam HR 800 Raman spectrometer 
having a green laser beam of 532 nm wavelength. FTIR was done by Nicolet 6700 FTIR 
with Smart Orbit ATR Unit. SEM was carried out by Hitachi-S4700N SEM. XRD was 
measured on Rigaku SmartLab diffractometer with Cu Kα radiation (λ = 1.54178 Å).  
 
Figure 3.5. a) Nicolet 6700 FTIR. b) Rigaku SmartLab XRD 
Agilent 5500 scanning probe microscopy was utilized for AFM topography and KPFM in 
tapping mode whereas CS-AFM in contact mode with 1V applied bias. EIS measurement 
was performed by Ametek VERSASTAT3-200 potentiostat from 1 Hz-1 MHz frequency 
at 0.8 V. TPC and TPV were measured using an oscilloscope and OBB's OL-4300 nitrogen 
laser coupled with dye laser producing <1 ns pulse at 532 nm wavelength. 50 Ω input 
oscilloscope impedance was considered for short circuit conditions. During TPV, 1 sun 
illumination was applied to the PSCs and considered 1 MΩ input oscilloscope impedance 
for open circuit conditions. To obtain photo-CELIV curves, ns pulse width laser was used 
by varying delay time between ramp and the laser. Agilent 8453 UV–visible Spectroscopy 
System was used for absorption measurement of the films. I-V data were obtained from 
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Figure 3.6. a) Agilent 8453 UV–visible Spectroscopy System. b) Agilent 5500 Scanning 
probe microscopy. 
Agilent 4155C semiconductor parameter analyzer including a Xenon arc lamp (Newport 
67005) having AM1.5 filter with 100 mW cm−2 light intensity. NREL S1133-14 silicon 
reference solar cell was used for calibration. The PSCs having an active area of 0.13 cm-2 
were swept from 0 to 1.2 V with a scan speed of 1 Vs−1 in forward and reverse direction. 
For IPCE measurement, Newport 74125 monochromator was used. Mott–Schottky 
measurement was done using the same instrument as used in EIS but at a fixed frequency 
of 1 KHz for 0-1 V. Edinburgh FLS 920 fluorescence spectrophotometer was used for 
steady-state PL. Contact angle was measured by using the instrument of VCA 2000 video 
contact angle system [20].  
 
Figure 3.7. a) Arrangement of I-V measurement. b) Setup for IPCE measurement. 
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Chapter 4: Result and Discussions 
Figure 4.1a depicts the device structure as fabricated the inverted (p-i-n) hybrid 
perovskite solar cells of FTO/PEDOT.PSS/Perovskite+PHAI/PCBM/Rhodamine/Ag. 
Poly(3,4-ethylenedioxythiophene) Polystyrene Sulfonate, commonly known as 
PEDOT.PSS polymer acts as the hole transport material coated on top of Florine doped 
Tin oxide glass substrate (FTO). Fullerene derivative [6,6]-Phenyl C61 butyric acid methyl 
ester, in short PCBM, works as the electron transport material while Xanthene based 
derivative Rhodamine stands as buffer layer in the HPSCs. 
 
Figure 4.1. a) Complete device structure of fabricated HPSCs. b) Chemical structures of 
PEDOT.PSS, PCBM and Rhodamine. 
4.1 Initial validation for defects passivation capability of PHAI 
Figure 4.2a represents Phenylhydrazinium iodide (PHAI) which is an organic 
compound synthesized from Phenylhydrazine and Hydriodic acid. Detail procedures of 
PHAI preparation was mentioned in the experimental section. PHAI containing two 
nitrogen (N) atoms can be dissolved in most polar solvents, especially in the perovskite 
solvents. The reason behind choosing this new additive compound is its N elements. N 
performs sp3-hybridization with its 1s2 2s2 2p3 electronic configuration in the chemical 
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compound. Among four of the hybridized orbitals, three form covalent bonds 
accommodating the three electrons. Interestingly, the lone pair electrons available in 
another hybridized orbital have the capability of forming coordination bond where 
required. This type of lone pair electrons delocalizes into the 6p empty orbit of Pb2+ and 
can form coordination bond [111, 112]. To justify this phenomenon, PHAI, PbI2 and a 
complex of PbI2-PHAI were characterized by Raman spectroscopy. As shown in Figure 
4.2c, vibrational bands of PbI2 are found at 73.31, 96.06, 111.14, 167.17, and 216.43 cm
-1 
that are consistent with other studies [112, 113]. PHAI provides its characteristic Raman 
bands at 90.74, 617.25, 846.72, 995.30, 1038.18, 1183.16 and 1252.78 cm-1. Meanwhile, 
PbI2-PHAI complex shows two new strong bands at 143.02 and 289.7 cm
-1 that can be 
attributed to Pb-N bond.[114] The existence of Pb-N vibrational stretching is an important 
evidence for passivating capability of PHAI to perovskite [20].  
 
Figure 4.2. a) Chemical structure of Phenylhydrazinium iodide (PHAI) additive. b) 3D 
structure of the main chemical group (Phenylhydrazine) of PHAI. c) Raman spectroscopy 
of PbI2, PHAI and PbI2-PHAI complex powder samples. d) Fourier-transform infrared 
spectroscopy (FTIR) of PHAI powder and perovskite precursor solutions with and without 
PHAI.  
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 To further investigate the interaction between the perovskite precursor and PHAI 
additive, Fourier transform infrared spectrometer (FTIR) measurement was carried out. 
Figure 4.2d represents the FTIR spectra of PHAI powder and perovskite precursor 
solutions with and without PHAI. PHAI shows some of its characteristic absorption at 683, 
761, 1496 cm-1 and 1607 cm-1. Similar absorption feature observed in the PHAI treated 
perovskite (MAPbI3-PHAI) solution indicates that the additive molecules can co-exist in 
the precursor and possibly in the perovskite film. However, among four of the above-
mentioned peaks of PHAI, two of them at 683 and 1607 cm-1 are shifted to 697 and 1602 
cm-1 respectively in the MAPbI3-PHAI. This might be because of coordination bonds 
formation by PHAI with perovskite species [20]. 
4.2 Perovskite film morphology and crystallinity analysis 
Slow crystallization is beneficial for device performance[115-119] as it can trigger 
uniform, compact, and smooth film, in some cases larger grain size. The coordination 
phenomenon facilitated by the PHAI treatment can induce this slow crystallization. In order 
to understand the influence of PHAI treatment on perovskite film morphology and 
crystallinity, scanning electron microscopy (SEM), atomic force microscopy (AFM) and 
X-ray diffraction (XRD) measurements were conducted. Comparison of the surface 
morphology as shown in Figure 4.3a-b depicts the variation in grain size and film evenness. 
Here, MAPbI3 film without PHAI contains many small size grains, in contrast, there are 
few small size grains in the MAPbI3-PHAI film as supported by the histogram of grain size 
distribution in Figure 4.3c. The MAPbI3-PHAI film looks more uniform, smoother and 
homogeneous with well-oriented grains/crystals than the regular MAPbI3 film [20].  
36 
 
Figure 4.3. a) SEM image of MAPbI3 film. b) SEM image of MAPbI3-PHAI film. c) 
Histogram of perovskite grain size based on MAPbI3 and 2 mg PHAI doped MAPbI3 films. 
Further, rms surface roughness measurement from AFM topography (Figure 4.4a-
b) confirms that the treated film exhibits less roughness (~15 nm) than the control film 
(~24 nm). The uniformity and smoothness of the treated film can be attributed to PHAI 
modulating the crystallization of the perovskite. Less surface roughness is beneficial for 
depositing electron transport layer on top of perovskite. Furthermore, XRD patterns of the 
perovskite films were investigated without and with PHAI to resolve crystallization 
details[120] and determine whether PHAI molecules reside into the crystal structure. In 
Figure 4.4c, both control and treated films demonstrate similar strong diffraction peaks at 
14.050 and 28.420 corresponding to (110) and (220) planes. The tiny peaks at 12.620 belong 
to PbI2 crystal grains [121]. Although there is no noticeable peak shift, PHAI doped 
MAPbI3 film shows narrower width of (110) diffraction peak as can be seen in Figure 4.4d. 
This narrower width indicates lower full width at half maximum (FWHM) of the XRD 
peak which supports improved crystallinity and higher average grain size [120]. Because 
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FWHM (β) is inversely proportional to crystallite size (D) in Scherrer equation, 
D=0.89λ/βcosθ where λ means X-ray wavelength and θ is diffraction angle [122, 123]. In 
addition, the treated film has two characteristic XRD peaks at 18.300 and 50.190 that 
confirms the existence of PHAI in the perovskite crystals [20]. 
 
Figure 4.4. a) AFM Topography of MAPbI3 film without PHAI. b) MAPbI3 film with 
PHAI. e) XRD of PHAI powder, perovskite films without and with PHAI. f) Extended 
view of XRD peaks at (110) plane. 
Current sensing AFM (CS-AFM) was carried out to perceive the conductivity 
change (if any) in the additive treated perovskite films. The pristine MAPbI3 shows lower 
surface current with an average value of 19.83 pA whilst PHAI treated film exhibits a 
higher surface current with an average value of 46.42 pA (Figure 4.5a-b). This higher 
surface current suggests a potential improvement of Jsc in the devices[124]. The increased 
surface current can be attributed to improved crystallinity [125, 126] and possibly to the 
conductive property of PHAI. To further elucidate, a film was prepared with only PHAI 
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Figure 4.5. a) CS-AFM of MAPbI3 film. b) CS-AFM of MAPbI3-PHAI film. c) CS-AFM 
of only PHAI film. d) Possible mechanism of current conductivity improvement in 
MAPbI3-PHAI film. 
(10 mg/ml) dissolved in the same solvents used for perovskite preparation. The thus 
prepared PHAI film has a very high surface current with an average value of 581.7 pA as 
observed in Figure 4.5c. This high conductivity of the PHAI film can be attributed to the 
lone pair electrons available in two N elements of the PHAI. Therefore, incorporation of 
the PHAI even in a tiny amount into the perovskite may influence the conductivity of the 
perovskite film. In addition, it is theorized here that Mesomeric (M) effect [127] is also 
responsible for this conductivity increase. When N links with Pb ions into the perovskite 
through coordination bonds, electronegative N initiates a –M effect by taking out π electron 
density from the phenyl ring (Figure 4.5d). Later, part of this electron density moves like 
a cloud throughout the perovskite crystals. This electron cloud may also accelerate the 
transportation of photo-generated electron into the perovskite [20, 128]. 
UV–Vis absorption spectra were evaluated to get more intuitive understanding of 
the absorption of PHAI treated MAPbI3 films. As shown in Figure 4.6a, light absorption is 
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higher for the PHAI treated perovskite film over the entire spectrum region. Moreover, 
overlapping spectra at larger wavelength region (near 780 nm) indicate that the bandgap 
remains same. There are few possible reasons for the enhanced light absorption in the 
doped perovskite films: (a) improved crystallinity, (b) FÖrster resonance energy transfer 
(FRET) and (c) change in transition dipole moment of the perovskite [129-132]. The 
improved crystallinity is supported by our XRD measurements. FRET is invalid here 
because PHAI, by itself, does not have light absorption capability (Figure 4.6b). However, 
it is hypothesized here that PHAI molecules can cause a slight change in transition dipole 
moment into the perovskite crystals. It was reported that the size and rotation of A cations 
in ABX3 structure can affect the dipole moment [133]. Since ─NH2 tail has the ability to 
occupy A-site vacancies of the perovskite crystals [134], it implies that the ─NH2 tails of 
PHAI additive fill some A-site vacancies resulting slight change in transition dipole 
moment [20]. 
 
Figure 4.6. a) UV-Vis spectroscopy of the perovskite films without and with PHAI. b) 
UV-Vis spectroscopy of only PHAI film. 
4.3 Device performance analysis 
Smoother perovskite film can execute low charge transfer resistance [135-137]. Since 
PHAI treated perovskite films were smoother, electrochemical impedance spectroscopy 
(EIS) was conducted to quantify the charge transfer resistance (RCT) of our devices. Figure 
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Figure 4.7. a) Nyquist plots of PSCs under illumination at 0.8 V bias. b) TPC measurement 
of perovskite device without and with PHAI. c) Transient photovoltage (TPV) decay. d) 
Dark J-V curves. 
-4.7a shows fitted Nyquist plots of PSCs with and without PHAI at illuminated condition. 
The diameter of the observed semicircles represents RCT [122, 138, 139]. It can be observed 
that the MAPbI3 based PSC exhibits relatively higher RCT value of 158 Ω while RCT is 
significantly decreased to 87 Ω with the PHAI treatment. This reduction of the RCT is 
contributed by lowered surface roughness and improved conductivity of the PHAI treated 
perovskite films. This decrease in RCT indicates a superior charge collection efficiency at 
the interfaces in the PHAI treated devices. Further, to validate the superior transport 
phenomenon in the treated devices, transient photocurrent (TPC) measurement was 
performed, which provides transport time (τtr) of the charge carriers through the interfaces 
of the devices.[140-142] As shown in Figure 4.7b, it is observed that the PHAI treated PSC 
has lower τtr of 0.86 µs than the control with 1.32 µs. The lower charge transport time is 
desirable for faster charge carrier extraction before getting recombined. 
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 Further, transient photovoltage (TPV) decay in Figure 4.7c shows that the PHAI 
treated PSC demonstrates longer charge carrier lifetime or recombination lifetime (τrec) of 
2.53 µs compared to the untreated one with 1.40 µs. The longer τrec indicates less 
recombination phenomenon of the photo-generated charge carriers in the treated devices 
[143-146]. Both the TPC and TPV decays were fitted using mono-exponential function. 
Figure 4.7d illustrates that PSC with PHAI possesses lower dark current density (Jdark) than 
the control PSCs. Lower dark current density indicates that the PHAI can suppress leakage 
current, which is beneficial for Jsc improvement [147, 148]. Because incident photon-to-
current efficiency (IPCE) of the device directly depends on Jdark given by, IPCE= [(Jlight-
Jdark)hυ]/Pine [20, 149]. 
 
Figure 4.8. a) Current density-voltage (J-V) characteristics of PSCs under simulated AM 
1.5G solar illumination. b) PCE histogram of PSCs based on MAPbI3 and MAPbI3-PHAI. 
c) Incident photon-to-current efficiency (IPCE) of PSCs. d) Steady-state current output of 
perovskite devices without and with PHAI at maximum power points. 
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Figure 4.8a represents the J-V curves of best performing devices and corresponding 
performance parameters are listed in Table 4.1. The best performing MAPbI3 control 
device exhibits a Jsc of 20.46 mAcm
-2 (and 20.38 mAcm-2), a Voc of 0.97 V (and 0.96 V) 
and a fill factor (FF) of 0.77 (and 0.72), yielding a PCE of 15.33% (and 14.16%) in reverse 
scan direction (and forward scan direction). After 2 mg mL-1 PHAI treatment, PSC 
achieved Jsc of 23.36 mAcm
-2 (and 23.14 mAcm-2), Voc of 1.03 V (and 1.02 V) and a FF of 
0.76 (and 0.74), yielding the maximum PCE of 18.18% (and 17.46%) in reverse scan 
direction (and forward scan direction). In overall, MAPbI3-PHAI devices demonstrated 
higher PCE of 17.72 (±0.857) % than the control MAPbI3 devices with PCE of 14.63 
(±1.056) %. Statistical PCE histogram is shown in Figure 4.8b. The PHAI additive 
improves Jsc and Voc at the same time. Figure 4.8c shows incident photon-to-current 
efficiency (IPCE) of the PSCs. The champion PSC based on MAPbI3-PHAI reveals IPCE 
profile of nearly 90%. In addition, integrated Jsc from the IPCE agrees with values obtained 
from the J-V curves. Improved light absorption, reduced dark current, less non-radiative 
recombination and defects suppression contribute to enhance the IPCE in PHAI treated 
devices. Figure 4.8d portrays stabilized current density of PSCs for 120 seconds at their 
corresponding maximum power points (MPP). The treated PSCs exhibit higher current 
density of ~21.15 mAcm-2 than the untreated one having ~18.21 mAcm-2 at MPP [20].  
Table 4.1. Summary of the best device performance and average PCE of PSCs under AM 
1.5G illumination. 
PSCs Scan Jsc(mAcm
-2) Voc(V) FF PCE (%) Average PCE (%) 
MAPbI3 
Forward 20.38 0.96 0.72 14.16 
14.63 (±1.056) 
Reverse 20.46 0.97 0.77 15.33 
MAPbI3- 
PHAI 
Forward 23.14 1.02 0.74 17.46 
17.72 (±0.857) 
Reverse 23.36 1.03 0.76 18.18 
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The devices were further examined using Mott–Schottky characterization to 
elucidate the effect of the PHAI on built in potential (Vbi) of the device’s p-n junction. 
Figure 4.9a shows that PHAI treated PSCs has a higher Vbi of 0.81 V versus the control 
PSCs with 0.71 V. Higher Vbi can be correlated to Voc improvement [150] and can facilitate 
charge carrier extraction.[151] This statement is also supported by carrier mobility values 
estimated from the Photo-CELIV curves (Figure 4.9b). The Photo-CELIV is widely 
employed to investigate the charge extraction qualitatively. Carrier mobility (µ) was 
calculated using this equation, µ=2d2/(3Atmax
2) [105, 106] where d is active layer thickness, 
A is the slope of applied ramp voltage and tmax is elapsed time for rising up to maximum 
voltage. PHAI treated PSC showed notable change with an increase in carrier mobility 
from 6.67×10-4 cm2/Vs to 11.33×10-4 cm2/Vs [20]. 
 
Figure 4.9. a) Mott–Schottky plots of control and treated devices. b) Photo-CELIV 
curves. 
4.4 Charge recombination and defects analysis  
Figure 4.10a shows that PL intensity of PHAI treated perovskite film is much higher 
than the pristine one indicating minimized non-radiative recombination due to fewer 
defects in the PHAI doped MAPbI3 films [139, 152]. This reduced non-radiative 
recombination is related to the observed Voc increase in the treated devices as Voc depends 
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on voltage loss due to non-radiative recombination given by Voc=Voc
max-Voc
non-rad [153-
155]. Moreover, enhanced PL intensity confirms higher crystallinity of the treated films 
[152, 156, 157], which is consistent with our previous XRD observations. Further, as 
shown in Figure 4.10b, the treated devices have larger recombination resistance (Rrec) 
which indicates suppression of charge recombination [20].  
 
Figure 4.10. a) Steady-state photoluminescence (PL) using glass/perovskite films. b) 
Nyquist plots of solar devices under dark condition at 0.8 V bias. 
Defects available in the perovskite grain boundaries (GBs) influence the 
recombination rate and perform as trap-state centers [158-161]. To quantify this, defects 
density (Pnet) and density of filled trap states (Ptrap) in the GBs were estimated according to 
equations 1 and 2 using Kelvin probe force microscopy (KPFM) [162, 163]. For the 
estimation, surface potential (SP) line profiles at the perovskite GBs were derived from the 




2   𝑐𝑚




√8ϵoϵrPnet∆φGB   𝑐𝑚
−2                                                                               (4.2) 
where, ∆φGB is the barrier height of band bending, WGB is the width of space charge region 
(SCR) obtained from the average SP profiles, e is the elementary charge, 𝛜r is the dielectric 
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constant of absorbing material and 𝛜o is the permittivity of free space. Calculations (Table 
4.2) reveal that the PHAI treated PSCs have lower defects density of 9.30×1015 cm-3 and 
density of filled trap states of 9.85x1010 cm-2 in comparison to the control PSCs with higher 
defects density of 1.62x1016 cm-3 and density of filled trap states of 1.57×1011 cm-2. 
Different parameters related to the performance of PSCs are summarized in Table 4.3, 
which concludes that the device performance of the treated perovskite is superior [20]. 
 
Figure 4.11. a) KPFM images of MAPbI3 and b) MAPbI3-PHAI films using 
glass/perovskite films. c-d) Surface potential line profile near the grain boundary of 
MAPbI3 and MAPbI3-PHAI films. 











Density of filled 
trap states Ptrap (cm
-
2) 
MAPbI3 22.8 (±4.8) 77 (±21.3) 1.625 (±0.52) 
×1016 
1.578 (±0.38) ×1011 
MAPbI3-PHAI 9.8 (±2.9) 53 (±17.6) 9.301(±0.45) ×10
15 9.859 (±0.27) ×1010 
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MAPbI3 158 3.2 1.32 1.40 6.67×10
-4 1.62×1016 1.57×1011 
MAPbI3-
PHAI 





4.5 Device stability analysis  
 Several reports have confirmed that defects available at grain boundaries and 
interfaces are the most vulnerable sites to initiate the degradation of perovskite films [164-
166]. As these sites are susceptible to moisture and oxygen, they facilitate diffusion and 
reaction causing irreversible decomposition of perovskite [158, 164, 167]. Besides, 
particular surface defects such as MA and I vacancies can speed up the degradation by 
vacancy-assisted decomposition mechanism [168-170]. It is speculated here that the PHAI 
molecules can passivate the major defects by deactivating the under-coordinated Pb2+ 
through the coordination bond (Pb-N) formation. In the meantime, ─NH2 tails of PHAI can 
occupy the MA vacancies [134, 171, 172]. Some of the iodine vacancies may be filled at 
the same time [171, 173]. Figure 4.12a illustrates the possible defect passivation 
mechanism in detail. This work proposes that PHAI exposes its phenyl ring in outward 
direction while attaching with perovskite. Hydrophobic phenyl rings form a moisture-
repelling barrier around the perovskite and thus can improve stability. To further elucidate, 
water contact angle measurement was performed of the perovskite films [134, 174, 175]. 
As observed in Figure 4.12b, bare MAPbI3 films exhibit smaller contact angle of 41
0-430 
whereas PHAI passivated films show higher contact angle of 670-690, which indicates 
decreased wettability of the treated perovskite.   
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Figure 4.12. a) Schematic representation of possible defect passivation mechanism and 
water repulsion induced by PHAI additive. b) Water contact angle measurement of the 
perovskite films. c) Device stability of unencapsulated PSCs storing in N2 glove box under 
dark condition. d) Device stability of unencapsulated PSCs storing in ambient room 
environment (Insert: Perovskite films’ photographs). 
 Further, in order to evaluate the final device stability, unencapsulated PSCs were 
stored in N2 glove box for 60 days having at 26
0C. The devices were taken out from glove 
box at a particular time interval and exposed to room environment for 1-2 hours to carry 
out the I-V measurement in air (30±5% RH). Long-term stability data (Figure 4.12c) 
indicates that PHAI treated PSCs can retain ~88% of their initial efficiency even after 60 
days. In contrast, untreated PSCs keep hold of only ~53% of the initial efficiency in the 
same environment. The devices (unencapsulated) were also tested keeping in ambient room 
environment (dark) at 30±5% RH and 24±20C. As shown in Figure 4.12d, in the ambient 
environment, the pristine MAPbI3 devices almost died in 16 days, while the MAPbI3-PHAI 
based devices encounter only 17% PCE loss in 20 days. This suggests that the PHAI 
treatment of the MAPbI3 perovskites can lead to better ambient stability of the HPSCs [20].  
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4.6 Others information 
All additive materials are one kind of impurities to the main perovskite materials. That 
is why the amount of additive material is always been very crucial to achieve the best result. 
For this thesis work, 2 mg of PHAI per mL perovskite precursor is found as the optimum 
amount. As shown in Figure 4.13a, light absorption ability of perovskite films increases 
with the increase of PHAI amount up to 2 mg, after that, absorption is slightly decreased 
at 3 mg of PHAI. It indicates 2 mg of PHAI is favorable for the best optimized crystallizati- 
 
Figure 4.13. With different amounts of PHAI. a) UV-Vis spectroscopy of the perovskite 
films. b) Steady-state PL spectra of the perovskite films. c) Nyquist plots of PSCs under 
dark condition showing recombination resistances. d) Mott–Schottky plots of PSCs. 
-on of perovskite film [176]. As a result, the perovskite films with 2 mg of PHAI should 
have least defects than with the other conditions. Steady-state PL spectra of the perovskite 
films also confirms this phenomenon. Figure 4.13b exhibits that PL intensity rises with the 
addition of higher amount of PHAI, however, intensity starts to fall when PHAI amount is 
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more than 2 mg. This implies that defects in perovskite gradually decreases for 1 mg and 
2 mg of PHAI resulting lesser non-radiative recombination of photogenerated charge 
carriers. At the same time, comparatively more defects are induced with 3 mg of PHAI, so 
more non-radiative recombination, therefore, PL intensity again starts to decrease [153]. 
Moreover, Nyquist plot showing recombination resistances (Rrec) in Figure 4.13c also is in 
good agreement with the above discussions. At 2 mg of PHAI, recombination resistance is 
highest (8.4 kΩ) due to least  
 
Figure 4.14. Statistical performance data b) Jsc c) Voc d) FF e) PCE of 30 perovskite solar 
cells at different amounts of PHAI. 
defects. Addition of more PHAI such as 3 mg causes to reduce the Rrec (6.8 kΩ) indicating 
more defects than at 2 mg. In addition, Mott–Schottky curves as shown in Figure 4.13d 
reveal that 2 mg of PHAI provides the maximum built in potential (Vbi) indicating optimum 
condition for best possible charge transportation. 
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Figure 4.15. J-V curves of PSCs with different amounts of PHAI.  
In Figure 4.14, statistical device performance data illustrates that Jsc and Voc 
increase gradually with 1 mg and 2 mg of PHAI treatment, but FF remains very close to 
control PSCs. However, FF is significantly affected with 3 mg of PHAI treatment. If PHAI 
amount is increased more like 5 or 10 mg (Figure 4.15), FF along with the Jsc and Voc 
decrease gradually. This is because of degraded film quality, unfavorable charge 
transportation, higher defects and more charge recombination with high amount of additive 
material in the perovskite [139]. Indeed, 2 mg PHAI is the optimum amount of additive for 
CH3NH3PbI3 (MAPbI3) perovskite providing nearly 18% power conversion efficiency. 
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Chapter 5: Summary and Conclusion 
5.1 Summary 
In this work, a novel additive material named Phenylhydrazinium Iodide (PHAI) is 
applied to enhance the all-inclusive performance, especially the photogenerated short 
circuit current density (Jsc) of CH3NH3PbI3 (MAPbI3) hybrid perovskite solar cells. Upon 
synthesizing PHAI, its potential defects passivation aptitude in perovskite is justified 
through Raman and FTIR spectroscopies. Furthermore, optimum amount of PHAI 
treatment exhibits remarkable improvement in perovskite film morphology, crystallinity, 
surface current etc. as observed by SEM, XRD and AFM. Different characterization 
techniques to evaluate the performance of the solar cells such as I-V measurement, IPCE, 
EIS, transient measurements, photo-CELIV all together confirm the enhanced charge 
carrier dynamics in PHAI treated devices. In addition, photoluminescence, recombination 
resistance and perovskite defects estimation literally agree with the superior performance 
of MAPbI3-PHAI based HPSCs due to defects minimization. Besides, water contact angle 
measurement verifies the proposal of HPSCs’ ambient stability improvement through 
hydrophobic phenyl ring of PHAI molecules. 
5.2 Conclusion 
 This thesis demonstrates how novel PHAI additive can enhance charge 
transportation, passivate the perovskite surface and minimize the defects as well. Notable 
enhancements of short circuit current density and open circuit voltage are observed in the 
treated PSCs. Furthermore, trap-assisted non-radiative recombination is significantly 
suppressed in the treated devices due to excellent perovskite grain orientation and less filled 
trap states in the grain boundaries. The additive treatment not only enhances the light 
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absorption efficiency of CH3NH3PbI3 active layer but also reduces the charge transport 
time. PHAI additive has also played multifunctionalities for controlled crystallization, 
higher conductivity, stabilizing under-coordinated ions and self-supported moisture barrier 
of the perovskite films. As a result, power conversion efficiency goes up from 15.33% to 
18.18%. Optimal amount of PHAI would be a great choice to improve the PCE of hybrid 
perovskite solar cells; concomitantly, this new material may add a new dimension to other 
optoelectronic devices for defects suppression and efficient charge transportation [20]. 
Thus, this thesis work will contribute to perovskite solar cell and other optoelectronic 
device based research. 
5.3 Future work 
There is scope to realize the highest possible positive effect of PHAI treatment in 
HPSCs by adjusting the better hole and electron transport materials such as PTAA and C60. 
Moreover, investigation of PHAI treatment in wide and low bandgap perovskite solar cells 
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